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Abstract 
Published studies indicate that genes and 
dietary manganese deficiency cause vestibular 
defects and ataxic behaviors. Manganese deficiency 
during development causes otoconial defects in mice, 
rats, guinea pigs, and chicks. Mutant genes cause 
otoconial defects in mice, mink, and poultry. 
Manganese supplementation prevents the otoconial 
defects in some mutant mice and mink. Manganese 
is essential, before crystallization of the otoconia, 
for synthesis of mucopolysaccharides and otoconial 
matrix. Such defects can be induced, after otoconia 
are crystallized during fetal development, by dietary 
zinc deficiency and sulfonamide treatment (inhibits 
carbonic anhydrase, a zinc-requiring enzyme). Man-
ganese and/or zinc supplementation ameliorates oto-
conial defects in pallid and lethal-milk (zinc-defi-
cient) mice. 
Studies herein show that: 1) Developing oto-
conia can be quantitatively labeled with 45 Ca. This 
may provide a means for studying calcium metabol-
ism in otoconia over a prolonged period of time and 
for determining the possible effects of diet, drugs, 
and other factors on otoconia. 2) Otoconial defects, 
induced after otoconia form in the fetus, were 
observed in newborn mice, but disappeared by two 
days after birth. Conditions of the inner ear may 
contribute to the calcification of otoconia. 
3) Manganese and zinc supplementation of pallid 
mice via acidified drinking water is more effective 
than dietary supplementation in preventing otoconial 
defects. The effectiveness of zinc but not of 
manganese is related to ma tern al genotype (+/pa vs. 
pa/pa). The effect of supplementation of the dams 
with zinc but not with manganese increases over 
successive litters. These studies indicate the 
potential for interaction of genes and trace minerals 
on otoconial formation and maintenance. 
Keywords: Ataxia, calcium-labeling, carbonic anhy-
drase, lethal-milk, manganese, pallid, pigment, 
sulfonamide, tilted-head, zinc. 
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Introduction 
The development of otoconia is reviewed in 
relation to several genes and trace elements, 
manganese ( Mn) and zinc (Zn). Several of the genes 
primarily affect pigmentation, including that of the 
inner ear, and pigmentation is not altered by 
mineral metabolism. These same genes have other, 
pleiotropic effects on the development of otoconia. 
These otoconial defects can be ameliorated by Mn 
and Zn supplementation during fetal development. 
The normal pigmentation of the inner ear is 
postulated to be a reservoir for these essential trace 
elements. By contrast, at least two other genes do 
not affect pigmentation, but they have more severe 
otoconial defects which are only moderately affected 
by Mn and Zn supplementation. 
The specific requirements for Mn and Zn pre-
sumably involve different aspects of otoconial 
formation. Manganese is known to be a co-factor 
for three enzymes in the synthesis of mucopoly-
saccharides of cartilage. The eff~ct of Mn on 
otoconial development is limited to a fetal period 
before crystallization of otoconia. Once the critical 
period is passed, Mn has no effect on otoconial 
formation. Zinc is a co-factor of carbonic anhy-
drase which is found in abundance in the inner ear. 
Inhibition of carbonic anhydrase, either by sulfon-
amides or by dietary or genetically-induced Zn 
deficiency, may impair otoconial formation or 
maintenance. Such effects can occur after otoconia 
have been crystallized, suggesting that changes in 
the endolymph, for example acidification, may cause 
dissolution of the otoconia. Data presented herein 
suggest that such de-calcified otoconia may be re-
calcified in the late fetal period and even after 
birth. 
Overall, there appear to be a variety of 
genetic conditions, together with metabolism of Mn 
and/or Zn, which affect the formation and 
maintenance of otoconia. Although not discussed 
Abbreviations: Calcium ( Ca, radioactive 45 Ca), 
carbonic anhydrase (CA), deficient (df), dichloro-
phenamide (diCP), lethal-milk (Im), manganese (Mn), 
metallothionein (MT), mocha (mh), pallid (pa), tilted-
head (th), zinc (Zn); the genetic symbols, lm, mh, 
pa, th, also represent the mutant phenotype of 
homozygotes. 
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further herein, some of the effects of ototoxic drugs 
may also interfere with these postulated roles for 
trace metals. The dietary studies, involving 
deficiency and supplementation with Mn and Zn, 
differ in the effect on otoconial formation. It takes 
a prolonged period on a diet severely deficient in 
Mn before dams produce fetuses with otoconial 
defects. By contrast, dams rece1vmg a zinc-
deficient (Zn-df) diet for only a few days during a 
single gestational period, can produce progeny with 
otoconial defects. Data are presented which 
indicate that the administration of Mn and Zn in 
acidified drinking water vs. diet, as well as the 
genotype of the dam, variously affect otoconial 
development in pallid (pa) mice. 
Data are also presented for the incorporation 
of 45Ca into developing otoconia of the fetal mouse. 
These results suggest a means for quantitatively 
evaluating the effects of aging, drugs, and nutrition 
on calcium turnover in otoconia. The effects of 
genes and trace metals have been reviewed in the 
larger context of animal development and of their 
implications for defects and diseases in man (see 
Erway, 1984, for more discussion and references). 
Literature Review 
Manganese deficiency causes otoconial defects 
The effects of Mn deficiency and of mutant 
genes on development of the balance mechanisms of 
the inner ear were indicated independently and 
before either factor was shown to be involved in the 
actual formation of otoconia. Dietary Mn deficiency 
was first associated with ataxic behavior in chicks 
(Caskey et al., 1939, 1944). A peculiar "jumpy" or 
nervous behavior was first reported for pallid mice 
(then called pink-eye-2) (Castle, 1941). The inci-
dence of ataxic chicks varied between light-weight 
(egg-laying White Leghorn) and heavy-weight (meat-
producing Plymouth Rock) breeds. The White 
Leghorns had the greater incidence of ataxia which 
was ameliorated by adding Mn to the feed. The 
percent hatchability was correlated inversely with 
incidence of ataxia and with required levels of 
dietary Mn. No basis for the decreased hatchability 
was reported. Based on subsequent studies, it may 
be related to vestibular dysfunction due to defective 
otoliths. Otoconial defects were found in chick 
embryos obtained from eggs produced by manganese-
deficient (Mn-df) hens (Erway et al.,1970). 
Congenital forms of ataxia were reported in 
Mn-df rats (Hurley et al., 1958; Hurley and Everson, 
1959) and guinea pigs (Everson et al. 1959). In both 
species Mn deficiency was shown to affect the 
synthesis of mucopolysaccharides, principally in the 
epiphyseal plate of long bones (Tsai and Everson, 
1967; Hurley et al., 1968, and Leach et al., 1969). 
The effect of Mn repletion on occurrence of ataxia 
in rats had a critical period during gestation (Hurley 
and Everson, 1963). Whereas there appeared to be 
some malformations of the bony labyrinth (Asling et 
al., 1960), the actual basis for the ataxic behavior 
remained uncertain. The ataxic behavior caused by 
dietary Mn deficiency was due to otoconial defects 
in mice and chicks (Erway et al., 1966, 1971), in 
guinea pigs (Shrader and Everson, 1967), and in rats 
(Hurley et al., 1968). 
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Genetic defects of inner ear 
The genetic evidence for development of ataxic 
behavior was obtained independently of the Mn 
studies. Numerous forms of genetic ataxia have 
been reported, especially in mice (Sidman et al., 
1965), but some also exist in guinea pigs and 
poultry. Ataxia in mice is associated with peculiar 
"dancing types," circling, head-cocking, and other 
atypical behavior. Some of these genetic defects 
·are associated with defects of the semi-circular 
canals or with gross malformations of the labyrinth 
(Deol, 1970). Least severe among the various 
categories of genetic mutants with inner ear defects 
was one called pallid (pa). 
Invariable effects of pallid gene on pigmentatftm 
(coat, eye, ear) 
Lyon (1951) showed that the pa gene caused 
otoconial defects and that this effect was modified 
by uncertain factor(s) during development. The pa 
gene is an autosomal, recessive mutation located on 
chromosome 2 in the mouse. The pa gene is always 
expressed in the homozygote (pa/pa, hereafter 
referred to simply as pa) by a dilute coat color and 
albino (pink) eyes. On the basis of these pigment 
phenotypes, the pa gene segregates as predicted (1/4 
in F2 and 1/2 in testcross progenies). The pa gene 
recombines at predictable frequencies with other 
genes also mapped on chromosome 2 (Green, 1966, 
see also semi-annual issues of Mouse News Letter). 
In summary, the pa gene is a fully penetrant 
for its effects on pigmentation. The pa gene always 
affects the differentiation of the dendritic 
melanocytes of the membranous labyrinth, at least 
within the vestibular portion. The correlated 
genetic effects between pigment and defects of the 
vestibular portion of the ear are most intriguing. 
The normal pigmentation of the membranous 
labyrinth, including genetic defects thereof, appears 
to be the key to understanding the relationships 
between the effects of some genes and trace 
minerals. 
Pleiotropic effects of pallid gene on otoconia: 
partial penetrance and expressivity 
Contrary to the phenotypic effects of the pa 
gene on pigmentation (eye, ear, and coat), the 
ataxic behavior in pa mice is highly variable. 
Geneticists have described this as "partial pene-
trance" (less than 100 % of the pa/pa mice exhibit 
any sign of ataxia) or "variable expressivity" (e.g., 
head-cocking, circling, or inability to swim). 
Lyon (1951, 1953) found that the incidence and 
severity of ataxia in the pa mice differed 
significantly when the gene was located in different 
inbred strains and in successive litters. Ultimately 
Lyon showed that litter size was a major factor, 
postulating that the otoconial defects " ... may be due 
to competition for food substances, either general or 
specific, or for oxygen, space, etc." (Lyon, 1954). 
Lyon (1955) showed that the behavioral defects were 
correlated with congenital defects of the otoliths. 
Lyon found that there was both partial penetrance 
(some pa mice had otoliths indistinguishable from 
normal, despite absence of labyrinthine pigment) and 
variable expressivity. The degree of otoconial 
development varied from none, to trace amounts, to 
normal in either the utricular or saccular macula of 
one or both ears. Often asymmetry occurred 
between the left and right ears (one has normal 
otoconia, the other lacks otoconia altogether). 
Genes and Trace Metals in Formation of Otoconia 
Moreover, asymmetries of otoconia commonly 
occurred within the same ear; the utricular otoconia 
were always as severely affected as, or more so 
than, saccular otoconia (Erway et al. 1971). Such 
developmental asymmetries suggest that deficiencies 
which exist in pa mice may separately affect the 
two ears. 
Given such asymmetries in the pa mice, one 
may postulate that the saccular and utricular 
environments are subtly different in composition 
and/or in developmental stage. Traces of otoconia 
first appear in the saccule of the genetically 
normal, fetal mouse between 14.5 and 15 days 
(Erway et al., 1970, Purichia and Erway, 1972). 
Comparable crystalline structures appear to be 
scattered throughout other parts of the membranous 
labyrinth and endolymphatic sac at these early fetal 
stages. Moreover, some of the Mn-df newborn mice 
exhibited an abundance of such extramacular 
crystals; such crystals occurred only when the Mn-df 
dams had been repleted with Mn (1,000 ppm) on 
days 12-14 of gestation. 
These findings suggest that some extracellular 
matrix is present which facilitates otoconial-like 
formations in the extramacular regions; such matrix 
must be present normally in early fetal development, 
and its synthesis may be enhanced by the described 
conditions of Mn deficiency. 
Manganese supplementation modifies formation of 
otoconia in pallid mice 
Lyon (1954) had no clue as to the nature of 
the environmental factors which she postulated. The 
Mn deficiency studies in rats and guinea pigs 
provided a clue. Dietary Mn deficiency caused 
otoconial defects in genetically normal mice, and 
such vestibular defects were diagnosed in the living 
animal by swimming difficulties (Erway et al., 1966, 
1970). Mn supplementation of the pregnant pa mice 
decreased the incidence of abnormal swimming 
ability and the severity of otoconial defects among 
the pa progeny (Erway et al., 1966, 1971). 
The effects of dietary Mn deficiency showed 
that the incidence of mice with behavioral or 
morphological defects increased under conditions 
which led to more severe systemic Mn deficiency. 
By contrast, the incidence of pa mice with behav-
ioral or otoconial defects decreased proportionally to 
the Mn levels fed to the pregnant dams. However, 
dietary Mn supplementation with 1,500 and 2,000 
ppm did not prevent all defects in pa mice. Data 
presented below show that Mn supplementation via 
acidified drinking water is more effective in 
preventing otoconial defects in pa mice. 
The effectiveness of Mn supplementation on 
otoconial formation exhibited a critical period in 
Mn-df and pa mice. Mn supplementation was most 
effective when it was initially fed to the pregnant 
dam between days 11-14 of gestation. Traces of 
otoconia begin to appear on day 14 in the fetal 
mouse (20-21 day gestation). 
Manganese in synthesis of mucopolysaccharide 
matrices for otoconia 
The observed reduction or absence of otoconia 
in pa mice or the Mn-df animals could involve 
either calcification or synthesis of a pre-requisite 
matrix. Given that Mn is required for synthesis of 
chondroitin sulfates of cartilage (Leach et al., 1969), 
it is probable that Mn similarly affects the synthesis 
of the mucopolysaccharide matrix for otoconia. 
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Shrader et al. (1973) showed that the ears of Mn-df 
and pa mice incorporate less 35SO4 adjacent to the 
otolithic maculae of 16-day-old fetuses. Whereas 
the Mn-df mice exhibited a similar reduction over 
the chondrocytes of the surrounding labyrinth, the pa 
mice did not. In other words, the systemic Mn 
deficiency reduced the synthesis of sulfate-containing 
matrices of both the otolithic membrane and the 
surrounding cartilaginous model. By contrast, the 
ears of the pa fetuses exhibited less sulfate 
incorporation into the otolithic matrix but not into 
the surrounding cartilage. Furthermore, no detectable 
differences were found for transfer of radioactive 
Mn to the +/pa and pa/pa fetuses (Erway, 1968). 
Therefore, these observations suggest that the pa 
effect on Mn was restricted primarily to the 
membranous labyrinth, not to some other systemic 
effect on Mn metabolism. 
It was postulated, on the basis of the data 
reviewed to this point, that Mn contributes to the 
synthesis of an organic matrix which is critical to 
formation of otoconia. It was further postulated 
that the absence of melanocytes from the utricular 
region of the membranous labyrinth made the pa 
ears more dependent on circulating Mn and thus on 
dietary levels of Mn. Furthermore, due to 
association of manganese and melanin (Cotzias et 
al., 1964), it was postulated that melanocytes of the 
inner ear may serve as a reservoir for those metals 
which are essential for normal development and 
function. 
Other pigment genes with otoconial defects 
Other mutant genes involve similar pleiotropic 
effects in relation to pigment, otoconia, and 
manganese. Pastel mink exhibit a "screwneck" 
behavior and swim ming defects; these mink also 
have otoconial defects which are ameliorated by Mn 
supplementation (Erway and Mitchell, 1973). The 
mocha (mh) mice have more severe defects than do 
pa mice, including cochlear degeneration (Lane and 
Deol, 1974). The mh/mh mice are pink-eyed at 
birth, but their eyes darken within a few days; there 
is a very high incidence of neonatal lethality which 
is not ameliorated by Mn or Zn supplementation 
(Rolfsen and Erway, 1984). Mn- and Zn-
supplemented dams produced mh progeny with 
notably improved otoconia. Such mh neonates which 
died of uncertain causes had significantly improved 
otoconial scores. All surviving mh mice exhibit a 
grossly abnormal auditory-evoked brainstem response 
from two weeks of age with severe cochlear 
degeneration (Rolfsen, 1981). 
Basis for Zn and carbonic anhydrase in otoconial 
formation and maintenance 
Having established the relationships between 
pigment, manganese, and otoconial development, the 
possibility that Zn might also be involved was 
considered. DeVincentiis and Marmo (1968) showed 
that inhibitors of carbonic anhydrase (CA) caused 
otoconial defects in chick embryos. There is an 
abundance of CA in the inner ear ( Erulkar and 
Maren, 1961; Marmo, 1966; Drescher, 1977). 
Therefore, the effect of an inhibitor of CA and Zn, 
the essential co-factor of CA, was investigated in 
mice. 
Purichia and Erway (1972) demonstrated that 
sulfonamide treatment during development causes 
otoconial defects in mice. These studies require 
some attention to the experimental procedures. A 
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random-bred Swiss/Cox (albino) strain of mice was 
used. Fem ales of this strain were crossed with 
inbred C57BL/6J males, thus producing large, 
vigorous litters of F 1 progeny which were pig-
mented. This choice of strains and cross was one 
of convenience. 
The Swiss/Cox mice (Lab Animal Supply, 
Indianapolis, IN) exhibited a spontaneous incidence 
( < 10 % ) of otoconial defects in newborn mice. The 
Fl progeny exhibited a greater incidence (<17%) 
when the dam was of the Swiss/Cox strain than in 
the reciprocal matings ( < 8 %). This difference 
between reciprocal matings suggested a genetic 
effect mediated through the pregnant dam. The 
spontaneous defect at birth was ameliorated with Mn 
and/or Zn supplementation. Despite the spontaneous 
incidence of otoconial defects in the newborns, the 
effects of dichlorophenamide (diC P, a sulfonamide 
inhibitor of CA) in the F 1 progeny were 
investigated. 
Two different levels of diCP (<100 and <150 
mg/kg) were administered subcutaneously to the 
pregnant dam once between days 13 and 18 of 
gestation. Both levels of diC P produced a 
significant increase in incidence of otoconial defects 
in newborn progeny. These effects were compared 
by scoring each otolithic mass on a scale of 0-3, 
thus providing a distribution of scores with a mean 
otolith score for each time and level of treatment. 
Treatments with both levels of diC P and at all ages 
(except the lower dose at day 18) caused significant 
increases in otoconial defects as observed in 
newborn mice. The Swiss/Cox females were also fed 
a Zn-df diet, initiating the diet on a specific day 
(10-16) of gestation, after the mice had been fed a 
Zn-sufficient diet. The Zn-df diets initiated as late 
as day 16 produced significant increases in otoconial 
defects observed in newborn mice. 
As noted, otoconia first appear on day 14 in 
the fetal mouse, and they are well formed by day 
16. For diC P or Zn deficiency to be effective after 
day 14, the treatments must cause resorption of 
already calcified otoconia. Whereas the data were 
based exclusively on defects visible in newborns, it 
has not been established how soon otoconial defects 
may be seen after such treatments. The effect of 
diC P treatment was examined in newborn mice from 
days 0-3 (Risma 1974); these data (presented below) 
showed a rapid recovery from otoconial defects 
after birth. 
Two attempts have been made to re-investigate 
otoconial development in progenies of the Swiss/ Cox 
mice obtained from the same source. However, no 
spontaneous otoconial defects were observed among 
these mice, and a few dozen sulfonamide-treated 
females failed to yield F1 progeny with otoconial 
defects. Large stocks of the Swiss/Cox mice from 
1968-74 exhibited the otoconial defects described 
above. This relatively closed breeding colony may 
have undergone some genetic changes, thus making 
this stock less susceptible to these defects. No 
other random-bred strains have been examined to 
determine if such genetic susceptibilities exist 
elsewhere in mice. This defect could be missed in 
newborns because they recover from it before there 
are any behavioral anomalies. 
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Zinc metabolism and otoconial detects in lethal-milk 
mice 
Zinc metabolism is implicated in lethal-milk 
(Im) mice with otoconial defects. The lethal-milk 
mutation occurred within the C57B L/6J inbred strain 
(Dickie, 1969). It was so-called because affected 
dams fail to nourish their sucklings. The dams 
produce milk which does not sustain either their own 
pups or sucklings of any other genotype. The 
sucklings of any lm dam fail to thrive, becoming 
dehydrated, with dry, peeling skin. The pups die 
within 12 days of age. If the pups of a lethal-milk 
(lm/lm) dam are foster-nursed by a dam of any 
other genotype, the pups survive well. 
The lm gene is a recessive gene, being mapped 
on chromosome 2 and at least 8 maps units from 
pa. The lm gene does not affect the development 
of normal black pigment, except that aging lm mice, 
both males and females, exhibit some bronzing of 
hair (a sign of Cu deficiency). The lethal effect is 
due to the production of Zn-df milk; Zn 
supplementation of the sucklings reduces the effects 
(Piletz and Ganschow, 1978,1979). Zn supple-
meniation via the drinking water of pregnant and/or 
lactating lm dams is also effective in preventing the 
lethality among pups sucking from such lm dams 
(Erway and Grider, 1984). 
In addition to the Zn-df milk, the lm/lm 
homozygotes invariably exhibit congenital otoconial 
defects (Erway and Grider, 1984). All progeny from 
true-breeding lm stocks lack any trace of utricular 
otoconia. The saccule of newborn lm mice varies in 
density of otoconia on a scale from O (no trace) to 
4 (normal). When few crystals are present they are 
large and resemble those found in the tilted-head 
(th) mice (see below). 
Zinc supplementation of the pregnant and 
lactating lm dams significantly improves the density 
of the saccular otoconial mass observed in newborns. 
However, these progeny never form utricular 
otoconia. The lm mice have not been tested for 
the possible effect of Mn with or without Zn 
supplementation. Attention has been focused on 
increased levels of m etallothionein ( M Tl in the 
intestinal mucosa of aging lm mice; this appears to 
contribute to the systemic Zn deficiency in these 
mice (Grider and Erway, 1986). Older lm mice also 
exhibit a reduction of saccular otoconia compared to 
unsupplemented lm mice at younger ages. This 
suggests that conditions presumably related to the 
other overt signs of systemic Zn deficiency may also 
contribute to the reduction of otoconia in the older 
lm mice. 
The lack of utricular otoconia in lm mice is a 
post mortem indicator of genetic segregation for 
lm/lm. By this criterion segregation ratios were 
detected among F2 (1/4) and testcross (1/2) 
progenies (Erway and Grider, 1984). Survival of lm 
segregants born to +/lm dams was reduced between 
birth and weaning. There was no evidence among 
either the +/lm or lm/lm offspring for any systemic 
Zn deficiency due to milk produced by the +/lm 
dams. Zn supplementation did not prevent 
preweaning loss of lm pups. However, the dead lm 
progeny exhibited a reduction in saccular otoconia. 
The fact that lm progeny have congenital 
utricular defects enables one to identify the 
homozygous genotype in both males and fem ales. 
Thus, this removes the previous limitation of testing 
Genes and Trace Metals in Formation of Otoconia 
only lactating females for the Zn-df milk. 
Moreover, the utricu!ar defects cause behavioral 
deficits which help to identify the putative Im 
progeny of both sexes at any age. Such behavioral 
defects were not reported by previous workers; 
practically all Im adults tend to spin, or rotate, 
along their body axis while they are being held by 
the tail. Young Im pups can be identified by a 
delayed development of ability to right themselves 
within 30 secs when placed on their back at 5-8 
days of age. Normal and +/Im littermates right 
themselves within a few secs beginning at 5 or 6 
days of age. Therefore, the putative Im males and 
females may be identified and used, but it is 
advisable to make a post mortem confirmation of 
the missing utricular otoconia. 
The Im mice offer a different genetic basis for 
the study of trace minerals in formation of 
otoconia. Studies of metallothionein (MT) indicate 
that there is at least twice as much of this metal-
binding (Cd, Zn, and Cu) protein in the intestinal 
mucosa of the older Im mice with signs of systemic 
Zn deficiency. It is postulated that the Im gene 
may cause production of the Zn-df milk due to a 
similar accumulation of MT in the lactating 
mammary tissue. MT has not been studied in the 
inner ear, but such a Zn/Cu-binding protein may 
contribute to the otoconial defects in the Im mice. 
(See Grider and Erway, 1986, for variety of effects 
and roles of MT.) 
Calcification of Otoconia 
Otoconia contain calcium carbonate crystals in 
the form of calcite (Carlstrom and Engstrom, 1955, 
Carlstrom, 1963). Simkiss (1968) showed that 
otoconial-like crystals in the endolymphatic sac of 
frogs disappeared under conditions of acidosis 
induced by exposure to carbon dioxide. Lim (1973) 
showed that displaced otoconia appear to undergo 
decalcification and resorption of the otoconial 
matrix. Ballarino and Howland (1986) have reviewed 
the technique of polarizing light microscopy for 
evaluating calcification of otoconia, especially 
applied to otoconial defects in genetically defective 
chicks. These findings, together with those reviewed 
above, suggest that calcification of otoconia is 
susceptible to a variety of conditions. A reliable 
method is needed to determine the rate of 
incorporation and turnover of calcium in otoconia. 
Belanger (1960) showed that a few otoconia 
were present in the utricle of 16-day fetal rats and 
that they became more numerous and larger by 18 
days. He also showed that young (3-9 days) rats 
incorporated sufficient levels of 45Ca after 4 days 
to exhibit radioactivity over the otoconia. 
DeVincentiis and Marmo (1966) labeled chick 
otoconia with 45Ca for autoradiography. They 
found, however, that the otoconia were scantily 
labeled, and they made no attempt to enhance or to 
quantify the amount of 45Ca incorporated into the 
otoconia. 
Other investigators have examined the rate of 
calcium incorporation and/or turnover in adult 
animals. Preston et al. (1975) determined by liquid 
scintillation spectrometry the amount of 45Ca 
incorporated into dissected otolithic membranes of 
mature gerbils. They found maximal incorporation 
(150-200 cpm/pair of utricular or saccular 
membranes) one day after a single injection (4 
pCi/gbw). This level of radioactivity declined 
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steadily to day 25; the estimated half-life was 11 
days for retention of 45 Ca which had been 
incorporated in adults. Ross (1979) also examined 
45 Ca incorporation into otoconia of adult rats. She 
pooled the dissected otolithic membranes from six 
rats, separately for utricle and saccule and for sex. 
The saccular otoconia had a greater rate of 45Ca 
uptake than did the utricular otoconia. The rate of 
45 Ca uptake by 4 h post-injection appeared to be 
greater in males than in females. Otoconia from 
rats at 7 days post-injection showed a decline in 
radioactivity, but this was not long enough to deter-
mine a half-life for retention of 45 Ca in the 
otoconia. 
These methods of labeling otoconia postnatally 
may be less satisfactory than doing so prenatally. 
Purichia (1972) demonstrated that the developing 
otoconia in the fetal mouse could be differentially 
labeled with 45 Ca. Such incorporation was 
correlated with the morphological criteria for 
otoconial formation, as evaluated under a dissecting 
microscope equipped with polarizing lenses. These 
data are presented and discussed below. 
Electron microscopy of otoliths in pallid mice 
Electron microscopic studies have been made 
of the otoconial defects in pa mice. Lim and 
Erway (1974) re-examined the effects of the pa gene 
and Mn supplementation of the pa mice on the inner 
ear, including otoliths and otoconia in particular. 
The maculae of pa mice contained, with very few 
exceptions, normal neurosensory epithelia with hair 
cells. The masses varied from normal densities and 
sizes of otoconia to no otoconia, including very 
large crystalline complexes. The complexes appear 
to be composed of many flattened and fused 
otoconial matrices which subsequently became 
crystallized. Some large otoconial crystals are often 
observed in the pa ears. However, they are 
qualitatively different from larger ones seen in th 
mice (see below). 
Some pa ears, although devoid of any otoconia, 
contained otolithic membranes with fenestrations, an 
anchoring meshwork, and normal hair cells. Only 
one pa ear exhibited some abnormal hair cells. 
Several pa ears exhibited some degree of 
demyelination of the afferent nerves. The Mn-
supplemented pa mice had normal, or nearly normal, 
otoconial masses. All pa ears lacked dendritic 
melanocytes characteristic of the pigmented (+/pa) 
controls. Such melanocytes in the controls were 
found in close apposition to the so-called dark 
(osmiophilic) cells located along the borders of the 
cristae; these dark cells presumably have secretory 
functions. One Mn-supplemented pa ear, though 
Jacking any typical dendritic melanocytes, possessed 
some densely staining organelles which appeared to 
be melanotic. 
The findings with electron microscopy, scanning 
(SEM) and transmission (TEM), of the pa ear were 
consistent with the postulated relationships bet ween 
manganese and m elanocytes for the developing 
otoconia. It is possible therefore that the close 
apposition of melanocytes and the secretory dark 
cells provides an intimate reservoir for any essential 
trace minerals. Melanocytes and pigmented tissues 
in general contain an abundance of Cu, Mn, Zn, and 
other trace metals. Therefore, the absence of 
melanocytes in pa and some other pigment mutants 
may subject the inner ear to critical, local mineral 
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deficiency, being thus dependent on circulating levels 
of Mn too low for normal otoconial development. 
As noted above, very high dietary levels of Mn were 
not sufficient for development of completely normal 
otoconia. However, much lower levels of Mn and/or 
Zn in acidified water are more effective, as will be 
shown below. 
Behavioral and morphological correlates involving 
unusual saccular otoconia in tilted-head mice 
The tilted-head (th) mutant mice exhibit 
otoconial defects, but pigmentation is norm al. The 
th gene is recessive and located on chromosome 1. 
The homozygotes (th/th) typically tilt their head to 
one side or the other, and they exhibit crouching 
and somewhat fearful behavior, especially in 
unfamiliar environments. In fact, all of the 
homozygotes have severe otoconial defects, never 
having any otoconia in their utricle; almost always 
they have some few crystalline structures in their 
saccule. The development of otoconia in th mice 
was essentially unaffected by Mn supplementation 
(Erway et al. 1971). The th gene maps closely (2% 
recombination) to a pigment gene called leaden (In); 
leaden has no affect on otoconia, but the com-
bination of leaden and tilted-head In th/+ + provides 
a useful genetic marker for readily ~entifying 
segregation of th. 
McGraw (1973) mapped the position of the few 
large crystals in the saccule of th mice and 
correlated these with the peculiar ability of th to 
maintain a rather vertical position in the water, 
from their very first experience in water. When 
crystals were located in the lower portion of the 
saccule, the th mice were able to maintain this 
position and did not become disoriented or swim 
wildly. 
Lim et al. (1978) investigated the th mice for 
various behavioral and anatomical correlates. The 
microscopic observations clearly demonstrated the 
absence of utricular otoconia and presence of a few 
gigantic complexes in the saccule of th mice. In 
histological sections the matrix of some saccular 
complexes were tenths of mm in diameter. With 
SEM and TEM these complexes exhibited butterfly 
wing-like shapes with floral-like displays of crystals. 
These structures are of unknown crystalline nature. 
The th mice were tested extensively on a bar 
rotating at various speeds. A normal mouse can 
maintain remarkable balance at rotations up to 
1/sec, doing so with head and tail bobbing. It can 
change directions or sometimes walk backwards when 
the direction of rotation is reversed suddenly. By 
contrast, the th mice could barely cling to the 
stationary bar or advance crouchingly on a very 
slowly turning bar. The swim ming ability was 
recorded cinematographically, but the righting reflex 
during free-fall was the most useful criterion for 
evaluating vestibular function. An apparatus was 
devised for dropping the mouse from an upside-down 
position, as it hung to two rods, and photographing 
its righting reflex in stop-action. The rods were 
snapped apart and from the grasp of the hanging 
mouse by a solenoid triggered by the camera 
shutter. The shutter was open for 0.5 sec. in the 
presence of a continuous stroboscopic light (30 
strobes/sec). Many mice were repeatedly evaluated 
for their air-righting reflex. The area of the 
saccular maculae covered with the few abnormally 
large complexes was determined. 
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In summary, any mouse with a reasonable 
amount of otoconia in their saccule could right 
themselves during free-fall within 5 or 6/30ths of a 
sec. A few pa mice and especially some double 
mutants for pa and th had no otoconia in utricle or 
saccule of both ears; such mice always landed on 
their back on the padded surface, without any 
apparent effort to right themselves during the free-
fall. By contrast, the typical th mice righted 
themselves during the free-fall. If less than 20 % of 
the saccular macular area was covered with the 
large crystals, the mice were significantly slower at 
righting themselves; such a delay· was only two 
time-frames, or 1/15 sec longer, on the average. 
The most significant finding from the th mice 
is that the saccular otoliths must provide a 
sufficient, if not exclusive, source of sensory input 
for detection of vertical linear acceleration in mice. 
The ability of mice to detect and to respond to 
free-fall seems to require little, if any, input from 
the utricular otoliths. Under the conditions of the 
darkened room and flashing stroboscopic light, these 
mice could hardly use visual input. The pa and th 
mice with the most severe otolith defects exhibit a 
variety of behavioral defects for which they show 
little ability to compensate over their lifetime 
(Douglas et al., 1979). 
Materials and Methods 
Radiocalcium labeling of otoconia in fetal mice 
Hybrid progeny from the cross of random-bred 
Swiss/Cox females by inbred C57BL/6J males were 
used. The time of mating was determined by daily 
inspection for vaginal plugs, the day of the plug 
being considered day 0 of a 21-day gestation. Ma ting 
of mice normally occurs in the middle of the dark 
period, viz. 12-4 a.m.; thus gestational ages 
indicated in whole days were more accurately xx.5 
days, particularly by h 4 of the injection schedules. 
Visibly gravid fem ales were injected intraperitoneally 
once during gestation (between days 14 and 18) with 
45CaC12 (20 )JCi in 0.1 ml). The female was 
anesthetized with ether at 1, 2, 4, or 8 h after 
injection of the isotope. The fetuses were removed 
and decapitated immediately. The otic capsules were 
dissected and fixed overnight in 70 % ethyl alcohol. 
The otic capsules were dehydrated, cleared in 
methyl salicylate, and scored for density of otoconia 
on a 0 (no otoconia) to 3 (normal) scale. The 
scoring was done under a dissecting microscope 
equipped with polarizing lenses. The cochlea and 
semi-circular canals of the cartilaginous labyrinth 
were removed carefully from the vestibular (utricle 
and saccule) region without disturbing the otoconia. 
The dissected vestibule of each ear, containing 
utricle and saccule, from each fetus was transferred 
to a scintillation vial and solubilized in 1.0 ml 
Protosol (New England Nuclear). The samples were 
counted for 10 minutes in a liquid scintillation 
spectrometer (Packard Tri-Carb, Model 3003). 
Disintegrations per minute (dpm) were calculated 
above background, including .correction for quench by 
reference to an external autostandard. The fetal 
hindlimb and maternal femur were also analyzed as 
control tissues, but those results (Purichia, 1972) are 
not included. 
Genes and Trace Metals in Formation of Otoconia 
Postnatal recovery from otoconial defects induced 
prenatally 
The same hybrid progeny were used in these 
studies, as well as progeny of inter se ma tings of 
the Swiss/Cox mice. Dicholorophenamide ( < 150 mg 
diC P /Kg dissolved in dimethylsulfoxide, D M SO) was 
injected subcutaneously on day 16 of gestation. As 
each litter was born, three newborn pups were taken 
at random and killed by decapitation on day O. 
Three more pups were randomly sampled on days 1, 
2, and/or 3. The ears were dissected, fixed, 
cleared, and scored for otoconia as described above. 
Manganese and/or Zinc Supplementation of pallid 
mice 
The inbred stock of pallid mice (C57BL/6J-pa) 
was maintained by testcrosses ( +/pa X pa/pa). The 
+/pa genotype always exhibits normally pigmented 
(black) hair, eyes, and inner ears, and normal 
otoconia. By contrast, the pa/pa genotype al ways 
has dilute, pallid coat color, pink eyes, and Jacks 
melanocytes in the inner ear; the pa/pa genotype is 
also susceptible to otoconial and behavioral defects. 
Such testcrosses were expected to yield a 1:1 ratio 
of progeny (+/pa : pa/pa) with the same phenotypes 
as their parents. The extent to which 
supplementation and/or maternal genotype might 
affect otoconial development would be seen only in 
the pa progeny, the +/pa progeny all being normal 
under the conditions involved. 
The testcross ma tings of mice ( typically one 
male, three females) were maintained continuously 
on Purina Lab Chow. Distilled water was acidified 
(HCJ, pH 2.5), and different concentrations of 
manganese '(50 or 500 ppm as MnCJ2) or zinc (500 
ppm ZnCJ2) were added. (The Jackson Laboratory, 
Bar Harbor, ME, uses acidified drinking water which 
improves the health and production of their breeding 
stocks of mice.) The birth of Jitters was anticipated 
by frequent inspection for gravid dams and isolation 
of such dams. Newborn progeny were readily 
identified by dark vs. pink eyes; while examining 
otoconia, the presence or absence of pigment in the 
ear was identified to verify the genotype. The 
newborn progeny were decapitated, the brain was 
removed, and the braincase was fixed in 95 % ethyl 
alcohol for at least 24 h. The braincases were then 
dehydrated, cleared, and scored for otoconia as 
described above. Such scores were analyzed by 
contingency Chi-square comparisons for distributions 
of scores, utricle vs. saccule, left vs. right ears, 
between treatments, between maternal genotypes, 




Radiocalcium into Developing 
The presence of otoconia and their increase 
over fetal ages are shown (Table 1). The total 
number of ears assayed is indicated for each ges-
tational age and time after injection of the isotope. 
The otoliths were grouped into the four (0-3) classes 
according to the visibly assessed otoconial scores, 
and a mean otoconial score (MOS) was calculated 
for each group. 
The distribution of otoconial scores indicates 
that no otoconia were present in the youngest 
fetuses observed (day-14/1-h), but approximately half 
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of the day-14 fetal ears exhibited traces (1) of 
otoconia by 2, 4, and 8 h. The mean otoconial 
scores (MOS) indicated the early appearance of 
otoconia. More otoconia appeared during day-15, 
increasing markedly by 4 and 8 h. By day-16 most 
of the scores were 2, with more scores of 3 by 8 h. 
By day-17 more otoconia were norm al, and by day-
18 the majority were normal. Scores of 3 were 
indistinguishable from the density of otoconia in 
newborn mice. The relatively few scores of 1 and/or 
2 on days 16-18 were primarily found in the utricle. 
Given the progressive increase of crystalline 
otoconia in these fetal ears, one may now examine 
the scintillation data for 45Ca incorporation. The 
last column shows the calculated mean dpm + S.E. 
The number of assays was the same as the number 
of ears for each period. 
The minimal radioactivity (16 dpm over back-
ground) obtained at day-14/1-h ( with no otoconia 
present) demonstrated that little 45Ca was 
incorporated into the soft tissues, including the 
surrounding cartilaginous model. By contrast, 
beginning at day-14/2-h (first trace of otoconia) 
there was a very significant increase to 200-300 
dpm. By day-15 (first scores of 2) the ears con-
tained approximately 400 dpm. By day 16/2,4-h (all 
scores of 2) the ears had 330-400 dpm, and by 8-h 
(first scores of 3) they approached 600 dpm. By 
day-17 all ears approached 1,000 dpm, even after 
1-h, except the specimens at 4-h. However, this 
sample of 16 ears exhibited lower otoconial scores, 
Table 1. 
Radiocalcitm Incorporation in Developing Otoconia 
Age Time Ears 
Day h No. 





















0 1 2 3 
12 0 0 0 
20 28 0 0 
12 16 0 0 
10 12 0 0 
8 8 0 0 
8 8 0 0 
0 21 27 0 
0 29 7 0 
0 4 22 6 
0 0 16 0 
0 0 20 0 
0 0 12 16 
0 1 12 27 
0 4 30 26 
0 9 17 6 
0 0 14 26 
0 3 4 47 
0 1 1 34 
0 1 1 30 
0 0 0 20 
Total dpn 
MOS mean SE 
0.0 16 02 
0.6 322 24 
0.6 191 18 
0.5 207 23 
0.5 187 25 
0.5 370 23 
1. 6 389 55 
1.2 336 26 
2.1 152 20 
2.0 398 51 
2.0 330 47 
2.6 574 39 
2.7 993 168 
2.4 939 176 
2.0 551 87 
2.7 993 174 
2.8 471 102 
2.9 3084 814 
2.9 942 123 
3.0 600 54 
-------------------------------------------------
Age of gestation from vaginal plug. Time after 
injection of 20 pCi 45Ca. Total otoconial scores, 
pooled for utricle and saccule, are twice the 
number of ears examined. Fetuses were removed, 
fixed, ears dissected and evaluated separately 
for utricle and saccule, for density of otoconia: 
IO I none; I 1' traces; I 2 I less than normal; I 3 I 
normal. A mean otoconial score (MOS) was computed 
per group. Each ear (utricle plus saccule) was 
dissected, prepared, and counted. Mean disin-
tegrations per minute (dpn) for 45Ca + S.E. are 
shown. 
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further demonstrating the correlation between visible 
otoconia and incorporation of 45 Ca. By day-18, 
when almost all otoconial masses were normal, the 
incorporation of 45 Ca was more variable, ranging 
from 500-3,000 dpm with concomitant fluctuations in 
the S.E. 
Over the 20 periods assayed, the mean oto-
conial score and mean dpm were significantly 
correlated (r = 0.57, t = 2.9, P < 0.05). 
Postnatal Recovery from Induced Otoconial Defects 
Progeny from the Swiss/Cox inter se matings 
were obtained for untreated dams (6 litters/78 
progeny), D M SO controls (3/36), and diC P-treated 
dams (14/154). No otoconial defects were observed 
in these progeny at either O, 1, or 3 days in either 
of the two control groups nor in the diCP-treated 
group of Swiss/Cox mice. 
The F1 progeny of the Swiss/Cox females X 
C57BL/6J males are shown (Table 2). The untreated 
and DMSO control progeny did not exhibit any 
spontaneous otoconial defects. The diC P-treated 
group of newborn mice exhibited a 20% incidence of 
otoconial defects. However, the incidence of 
otoconial defects among the random sampleis of 
siblings was 13 % on day 1, and it was zero on days 
2 and 3. 
Table 2. 
Otoconial Defects and Recovery !ran Sulfonamide 
in F1 Progeny of Swiss/Cox X C57BL/6J Mice 
Treat- Age Litters 
ment Day No. Mean 
None 0 5 10.2 
1 
DMSO 0 2 10.0 
1 





0 1 2 3 Total 
0 0 0 64 64 
0 0 0 48 48 
0 0 0 32 32 
0 0 0 32 32 
16 4 8 106 134 
6 2 7 99 114 
0 0 0 60 60 
0 0 0 80 80 
Dimethylsulfoxide (DMSO) used as solvent for 
dichlorophenamide (diCP; 3.6 rrg injected on day 
16 of gestation). Age of mice after birth; Four 
otol i ths examined per mouse; Incidence of 
defective otol i ths in diCP-treated mice (day O 
and 1) differed significantly from all control 
mice (P <0.001 by Fisher's Exact Probability for 
2x2 Contingency test). 
Manganese and zinc supplementation: effect in 
acidified water, maternal genotype, and duration on 
development of otoconia in pallid mice 
The expected 1:1 segregation ratio for +/pa : 
pa/pa was observed in all large groupings of litters. 
There were few stillborn progeny. Since the ratio of 
+/pa to pa/pa was as expected, one must assume 
that pa/pa progeny were no less viable than the 
+/pa littermates. All +/pa progeny with pigmented 
ears had four normal otoliths, regardless of 
treatment (data not shown). 
Otoconial scores are shown only for pa/pa 
segregants from these groups (Table 3). These 
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results are presented separately for two different 
experiments. The second experiment was done after 
500 ppm Mn was found to be too high to detect any 
interactive effect of Mn-plus-Zn. The distributions 
of scores were pooled across litters and within 
treatments only when they did not differ 
significantly between reciprocal matings. 
There was a distinct bimodal distribution of 
otoconial scores, viz. a preponderance of O and 3 
scores, in most of the treatments, except where 
development was nearly normal. The baseline in-
cidence of any otoconial defects in pa mice was 
61%, or 1.3 mean otoconial score (MOS), among all 
of the unsupplemented progeny in experiment 1. No 
significant effect of maternal genotype was observed 
for the untreated mice in experiment 1. By contrast, 
the untreated pa/pa dams in experiment 2 produced 
pa progeny with a significantly lower incidence 
(52%) of defects than did the +/pa dams (81%). 
This involved a two-fold increase in MOS (0. 7 to 
1.4). 
All three groups of mice on mineral supple-
mentation exhibited significant improvement in 
otoconial development compared to the controls. Zn 
supplementation (500 ppm) was significant only for 
the pa/pa dams in experiment 1, but it was 
significant for both maternal genotypes in 
experiment 2. In both experiments there was a 
significantly greater effect of Zn supplementation 
among the progeny of pa/pa than of the +/pa dams. 
Manganese supplementation alone did not have 
any differential effect with regard to the maternal 
genotypes, and the data were pooled. Mn sup-
plementation (50 ppm) produced a significantly lower 
incidence (23 and 19%), and the incidence was only 
1% at 500 ppm. The Mn (500 ppm) plus Zn (500 
ppm) supplementation reduced the incidence of 
otoconial defects to zero in experiment 1. In 
experiment 2 the supplementation with Mn (50 ppm) 
plus Zn (500 ppm) exhibited significant differences 
between the progeny of +/pa (28%) and pa/pa (10%) 
dams. 
The data involving Zn supplementation were 
regrouped and analyzed according to early (first) 
litters born after initiation of treatment vs. later 
(second and third) litters from the regime of 
continuous supplementation. In four of five 
comparisons shown (Table 4), the later litters had 
significantly higher otoconial scores than did the 
early litters of the same females within the same 
treatment. 
All four otoconial scores for each offspring 
were compared for symmetry in development of oto-
conia. The utricular otoconia were always as 
severely defective as or more so than the saccule of 
the same ear. The left and right ears were 
compared and each animal was classified into one of 
three categories: i) both ears having no otoconia 
(four O scores); i~) one ear having no otoconia while 
the other had variable amounts of otoconia (1-3); 
and iii) both ears contained some to normal 
otoconia. The distribution of pa progeny for these 
three categories exhibited a binomial distribution 
across groups, from 28:17:3 to 16:37:10 to 5:39:27 to 
0:11:38, as the treatment favored more normal 
otoconial development. There was no significant 
directional preponderance bet ween the left and right 
ears. 
Genes and Trace Metals in Formation of Otoconia 
Table 3. 
a.-t and/or Zn Supplementation on Developnent of 
Otoconia in Pallid Mice of Reciprocal Testcrosses 
Treatment 
@Mn Zn 
Dam Litter Otolith Scores Defective 
No. Mean O 1 2 3 % MOS 
Experiment 1: 
0 0 Both 95 7.0 193 21 17 149 61 1.3 
0 500 +/pa 66 7.2 





500 500 Both 
Experiment 2: 
57 7.6 
84 7. 0 
57 7.2 
127 11 18 108 
41 8 7 120 
59 1.6 
31** 2.2## 
25 12 15 176 23** 2.5 
4 0 0 332 
0 0 0 215 
1** 2.9 
O** 3.0 
0 0 +/pa 48 
"pa/pa 46 
8.1 138 8 9 37 





0 500 +/pa 43 7.8 
pa/pa 71 6.8 
50 0 Both 53 6.1 
50 500 +/pa 31 6.7 
pa/pa 49 7.0 
64 13 15 80 54** 1.6 
83 16 13 172 39* 1.8# 








@Values in pµn in acidified, distilled water. 
See Otoconial Scores and MOS Defined in Table 1. 
Data for 'Both' maternal genotypes were pooled, 
if not significantly different from each other. 
**P <0.001 comparison with untreated controls 
*P <0.01 comparison with untreated controls 
##P <0.001 comparison between maternal genotypes 
#P <0.01 comparison between maternal genotypes 
Table 4. 
Otoconial Developnent in First vs. Later Litters 
of Pregnant Dams Supplemented with Zinc 
Expt. Dam Litter Prog. Otoconial Scores Defects 
No. 0 1 2 3 % MOS 
1 +/pa First 44 84 10 17 65 63 1. 3 
Later 18 30 0 1 41 43** 2.0 
1 pa/pa First 22 18 7 2 61 31 2.2 
Later 22 23 1 5 59 31 2.1 
2 +/pa First 17 37 2 4 25 63 1. 3 
Later 26 27 11 11 55 47** 1. 9 
2 pa/pa First 36 62 9 7 66 54 1.5 
Later 35 21 7 6 106 24* 2.4 
2# +/pa First 18 15 8 6 43 40 2.1 
Later 13 3 2 1 46 11** 2.7 
-------============------------------------------
Data from Table 3 were regrouped for progeny of 
first vs. later litters of dams by genotypes. 
#Treatment involved 50 pµn Mn plus 500 pµn Zn. 
*P <0.01, **P <0.001 for comparison of first vs. 
later litters born to dams of genotype shown. 
1689 
Discussion 
Otoconia form progressively in fetal mice from 
the first traces at 14.5 days to being essentially 
complete by 18.5 days. However, the development 
of each otolithic mass of otoconia tends to be an 
"all or none" phenomenon, as indicated by the 
bimodal distribution of scores of O and 3 in the pa 
and diC P-treated mice. Within each ear otoconia 
appear slightly later in the utricle than in the 
saccule, and the utricle tends to be more sensitive 
to genetic or induced defects. The two ears 
develop independently, as indicated by the three 
categories, viz. both ears defective, asymmetry of 
two ears, and both ears norm al, or nearly so in the 
pa mice. There was no directional preponderance in 
the pa mice, but the right ear was more often 
affected in the Swiss/Cox mice (Purichia and Erway, 
1972). Mn and Zn appear to exert limiting effects 
on development and/or maintenance of otoconia in 
each ear and more so in the utricle than in the 
saccule. 
The data for incorporation of 45Ca demon-
strate that it is possible to label the developing 
mouse otoconia significantly during fetal 
development. The results suggest that the heaviest 
and most reliable labeling from a single injected 
dose occurs on day 17 of gestation in the mouse. 
The fact that the same amount was incorporated 
after 1, 2, and 8 hours suggests the rate of 
incorporation into otoconia is relatively constant 
during this period. The pulse of 45 Ca was probably 
available for incorporation into the otoconia for only 
a short 1-2 h period. Unpublished data (Purichia, 
1972) for the maternal femur suggest that 45Ca 
peaked within 2-4 h and then declined in maternal 
bone during days 14-18 of gestation. Turnover was 
greatest during the later days, presumably reflecting 
changes in Ca metabolism associated with the 
rapidly growing fetuses. The concomitant loss of 
45Ca from maternal bone suggests a recycling of 
45Ca; this may have contributed to the inordinately 
high values in some ears at day 18/2-h. Further 
studies are necessary to determine how maternal 
reserves of 45Ca might further complicate the 
labeling of otoconia in fetuses allowed to go to 
term. One might consider chasing the 45Ca with an 
abundance of unlabeled dietary Ca to minimize such 
possibilities. 
The inordinately great variability for 45Ca 
incorporation on day-18 occurred mostly in one or 
two litters. Females at that stage are heavily 
gravid. Although care was always taken to avoid 
the problem, it was possible that some isotope was 
injected into a uterine horn, or even into an 
amniotic sac or fetus. Such a possibility should be 
avoided by injecting the isotope subcutaneously in 
the nape of the neck. Nevertheless, the possibility 
of injecting into the amniotic sac offers an 
alternative route for obtaining an even greater 
specific labeling of otoconia. It is possible to 
perform laparotomy and to inject a small volume of 
isotope directly into each amniotic sac. This could 
greatly minimize the factors of isotope dilution and 
contamination associated with injection into the 
dam. 
No attempt was made to examine the effect 
of fractionating the injected dose of 45 Ca, but such 
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a procedure might enhance the labeling of such 
rapidly developing otoconia. One should be able to 
maximally label the developing otoconia dif-
ferentially compared to bone which has hardly begun 
to ossify. The normal rate of loss of 45Ca from 
the otoconia could be determined by assaying 
newborn and older mice. Preston et al. (1975) 
estimated a half-life of 11 days for 4 5 Ca incor-
porated in otoconia of adult gerbils. After 
establishing the half-life for 45Ca incorporated in 
fetal mice, one could begin to examine the effects 
of diet, inhibitors of carbonic anhydrase, ototoxic 
drugs, and other factors which may affect rates of 
turnover. 
These results suggest that this may be a 
potentially useful means for studying crystallization 
of and calcium turnover in otoconia. Preston et al. 
(1975) injected 4 pCi/gbw into adult gerbils, and 24 
h later they detected up to 200 cpm per two 
otolithic membranes. The pregnant mice were 
injected with 20 fCi; gravid females varied from 30-
45g over days 14-18 of gestation, thus receiving 0.4-
0.8 µCi/gbw. The 17-day fetal mouse ears exhibited 
up to 1,000 dpm per ear, including the utricular and 
saccular membranes. Despite the uncertainties for 
counting efficiency with the gerbils and actual dose 
for fetal mice, the data suggest a 10- to 20-fold 
greater incorporation of 45 Ca into the developing 
fetal otoconia than the turnover rate in adult 
otoconia. 
Congenital otoconial defects in Mn-deficient 
and pallid mutant mice persist throughout life. It 
was unexpected, therefore, that the congenital 
otoconial defects associated with the Swiss/Cox mice 
and with the F 1 hybrids disappeared entirely by day 
2. As noted above, the defect was induced by 
treatments which occurred after the onset of 
otoconial formation during day 15 of gestation. This 
suggests that Zn deficiency and/or inhibition of 
carbonic anhydrase may have so altered the 
developing inner ear that otoconia were decalcified. 
Assuming that the otoconial matrices were not 
resorbed, the otoconia may have been recalcified 
after the induced dam age. So far as we know, this 
is the only case of a postnatal restoration of 
otoconia which had been defective at birth. 
The lack of spontaneous otoconial defects in 
this stock of Swiss/Cox mice, in contrast to the 
high frequency (10 %) observed by Purichia and 
Erway (1972), suggests that a genetic change had 
occurred within the intervening two years bet ween 
these two studies. A case has been presented for 
such a genetic change involving copper metabolism 
and crinkled mice (Erway, 1984). Four inbred 
strains of mice (AKR/J, C3H/HeJ, C57BL/6J, and 
DBA/2J) had low incidences (<2%) of spontaneous 
otoconial defects. These strains were relatively 
insensitive to diC P treatment for otoconial defects 
(3-9%; Purichia, 1972). Adult mice of these inbred 
strains were more sensitive to diCP, and <80 mg/Kg 
was injected in pregnant dams. This stock of 
Swiss/Cox mice has apparently become less sensitive 
to sulfonamide-induced otoconial defects. The 
discovery of any other stocks of mice with such 
spontaneous otoconial defects would be highly 
desirable. 
Supplementation with manganese and/or zinc 
via the acidified, distilled drinking water appears to 
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be much more effective in reducing the otoconial 
defects associated with pa mice than was observed 
for the dietary Mn supplementation studies (Erway 
et al., 1971). In the present studies the water 
supplements were given in addition to minerals in 
the Purina Lab Chow. (This chow has by previous 
analyses contained 50-100 ppm of both Mn and Zn.) 
The 500 ppm Mn in the acidified drinking 
water was as effective (99%) as 1,500 and 2,000 
ppm Mn in the semipurified diets (96%) for pre-
venting otoconial defects. Moreover, 50 ppm Mn in 
the water was at least as effective (75-80%) as 
1,000 ppm Mn in the diet (68%). However, Mn 
supplementation did not exhibit any difrerence 
between the two maternal genotypes. This suggests 
that metabolism of Mn is not affected differentially 
by these two maternal genotypes. 
Zn supplementation (500 ppm) by itself pro-
duced significant improvement of otoconial 
development in the pa progeny. Moreover, the ma-
ternal pa/pa genotype exhibited a greater response 
to Zn supplementation than did the +/pa genotype. 
The effect of 50 ppm Mn plus 500 ppm Zn also 
exhibited a significantly greater eifect among pa/pa 
than among +/pa dams. Therefore, we conclude that 
the pa maternal genotype somehow responded 
differentially to Zn supplementation. 
Having observed the maternal effect of geno-
types related to Zn supplementation, analyses also 
showed that the effect of Zn was different between 
early and later litters. The division of litters was 
somewhat arbitrary in chronological time, being 
based exclusively on when the first vs. second 
and/or third litters happened to be born to the 
identified females. In four of the five comparisons, 
the scores were significantly higher for progeny of 
the later litters. It is possible, but not verifiable 
from these data, that the exceptional first litters of 
pa/pa dams of experiment 1 were on the Zn 
supplementation for a longer period than in the 
other cases. 
There is no evidence for the basis of the 
effect of maternal genotype or of time of exposure 
on Zn metabolism and otoconial development in 
these studies. However, such effects may be due to 
the inducibility of metallothionein (MT) by Zn, as 
was reviewed for the lethal-milk mice. It is possible 
that the pallid mice may also exhibit subtle 
differences in Zn metabolism, as per these present 
studies, and that they may be differentially inducible 
by Zn for MT. The possible role of MT in the inner 
ear and especially for the otoconial defects of 
lethal-milk and pallid mice remains to be 
investigated. 
Further investigations of mineral metabolism in 
otoconia are warranted. Calcification of otoconia is 
certainly critical to otolithic function, particularly 
as it is related to otoconial size and density (see 
Ross and Donovan, 1986). The development of 
otoconia is sensitive to dietary levels of Mn and Zn. 
Mn appears to be critical for the embryonic 
development of otoconial matrix, and as such dietary 
Mn may have little effect on otoconia after birth. 
However, the effects of Zn deficiency and of 
sulfonamides on already formed otoconia, with the 
apparent ability of otoconia to be re-calcified, make 
these factors especially important for further 
investigations. The dietary and genetic implications 
Genes and Trace Metals in Formation of Otoconia 
involving MT, a Zn, Cu, and Cd-binding protein, 
make these studies even more relevant for 
understanding the homeostasis of otoconia. 
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Discussion with Reviewers 
Several reviewers: Why are no photographs included 
in this paper? 
Authors: Electron microscopic studies have been 
conducted in collaboration with D.J. Lim, and 
micrographs have been published in Lim and Erway 
(1974) and in Lim et al. (1978). Other papers by 
LCE have been amply illustrated at the light 
microscopic level, including the basis for evaluating 
otoconial development subjectively on a four-point 
scale with a dissecting microscope. The experimental 
data presented herein required only the use of this 
established method for scoring otoconial development 
and standard methods for liquid scintillation spectro-
metry. Therefore, we elected not to reproduce 
figures of otoconia and of mutant ears which are 
already in print. On request LC E will send 
facsimiles of some published illustrations. 
J.E. Hawkins: Have you any evidence or hint that 
the unusual otoconia of the tilted-head mice are not 
calcite? 
Authors: The only hint comes from the multi-
faceted shapes of the gigantic crystals as seen by 
SEM (Lim et al., 1974), suggesting that aragonite 
may be involved. The tilted-head and lethal-milk 
stocks of mice are available for anyone willing to 
do some crystallography on these otoconia. LCE 
would be willing to assist in obtaining and/or 
breeding these stocks of mice for anyone interested 
in such a study. 
D.A. Cotanche: The 45Ca data would have been 
more convincing and less inferential if otoconia had 
been isolated from the surrounding vestibular region 
and if 45 Ca incorporation had been assayed for non-
auditory tissues of the fetus. 
Authors: The described procedure was chosen be-
cause it was the easiest and most reliable way to 
avoid loss of otoconia while dissecting and pro-
cessing over 300 fetal mouse ears. The incorpor-
ation of 45Ca into the developing otoconia was 
strongly inferred because virtually no 45 Ca was 
bound to the vestibular portions prior to the 
appearance of any otoconia. Furthermore, the 
statistical correlation between otoconial scores and 
amounts of bound 45 Ca, especially over days 14-17, 
supports the incorporation of 45Ca into the 
developing otoconia. There is no significant amount 
of ossification of the fetal mouse ear during this 
period, and the presence of any 45Ca in soft tissues 
had ample opportunity to be leached during the 
procedures of fixation, dehydration and clearing prior 
to counting. 
The fetal hindlimb was also assayed for in-
corporation of 45Ca (Purichia, 1972). From day 15 
to 18 there were consistent increases of. 45 Ca on 
successive days and for the additional hours after 
injection. There was no suggestion of 45 Ca turnover 
in the fetal limb as was indicated for the maternal 
femur. The conclusion, therefore, is that the fetal 
ear and otoconia, as well as the fetal limbs, had 
ample exposure to 45 Ca over the period (days 15-17) 
of intense otoconial formation. We also conclude 
that this procedure was an adequate method for 
quantifying the incorporation of 45 Ca into developing 
otoconia. 
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D.A. Cotanche: am concerned about the dis-
crepancy in the control values between experiments 
1 and 2 of Table 3. 
Authors: The principal difference in the control 
values was that the pa progeny of +/pa dams did 
not differ significantly from the pa progeny of pa/pa 
dams in experiment 1, whereas they did so in 
experiment 2. The two experiments were separated 
by several months and involved separate groups of 
dams. As has been shown by Lyon (1953, 1954) and 
by Erway et al. (1971), the incidence of otoconial 
defects is highly variable in relation to litter size 
and dietary levels of manganese. Either of these 
variables could have contributed to slightly different 
control values in the unsupplemented pa mice. It is 
sufficient only to obtain control values for the 
unsupplemented mice in each experiment. We have 
thus made comparisons within each experiment 
between maternal genotypes and for each regime of 
mineral supplementation with its respective unsupple-
mented, control group. No third experiment was 
deemed necessary to obtain the best control values. 
Rather, it was far more convincing to observe the 
consistent results in both experiments for each of 
the three supplemented regimes and for the 
maternal and timed effects of Zn supplementation. 
D.A. Cotanche: Are melanocytes, derivatives of 
neural crest cells, really missing from the membra-
nous labyrinth, or just mis sing enzymes necessary to 
produce melanin? Are the pigmented intermediate 
cells of the stria vascularis missing as well? 
M.D. Ross: Obviously albino rats form normal 
otoconia, and they have albino (amelanotic) 
melanocytes. Are melanocytes completely lacking in 
pa mice? Please comment on interrelationship 
between manganese and melanocytes in the develop-
ment of otoconia. 
Authors: Dendritic melanocytes of the membranous 
labyrinth are of neural crest origin. The density of 
melanocytes is great for the utricle, ampullae, and 
common crus of normally pigmented mice, but they 
are lacking from the saccule. Albino mice lack any 
(light microscopically) visible melanocytes in the 
inner ear, and they have normal otoconia. We have 
not, nor are we a ware that anyone else has, 
demonstrated the presence of amelanotic melan-
ocytes in the albino ear. The pa ear also lacks any 
visible (light microscope) melanocytes in the vesti-
bular portions of the ear. Despite many sections 
(TEM) through the vestibular region, Lim and Erway 
(1974) found only a few putative melanocytes in the 
vicinity of the dark, secretory cells of pa mice. 
Unsupplemented pa mice had membrane-bound gran-
ules suggestive of premelanosomes; Mn-supplemented 
pa mice had similar granules more densely 
osmiophilic. An ear from a Mn-supplemented pa 
mouse also contained a melanophage with a gigantic, 
lobulated lysosome containing numerous degrading 
melanosomes. It is noteworthy that pa mice are 
among six pigment mutant strains (of 31 mutations 
tested) which exhibited the highest levels of 
lysosomal enzymes in the kidney (Novak and Swank, 
1979). 
The basis for the apparent absence of well-
differentiated melanocytes in the vestibular portions 
of the ear is unknown. The pa, as well as muted 
and mocha, genes appear to lack such melanocytes 
and to exhibit variable degrees of otoconial defects. 
The cochlea of pa mice appears to be pigmented 
and otherwise normal, with normal auditory-evoked 
brainstem responses, By contrast, the cochlea of 
mocha mice lacks normal pigmentation in both the 
vestibule and cochlea, and it exhibits cochlear 
degeneration (Lane and Deol, 1974) and abnormal 
hearing (Rolfsen, 1981). 
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In summary, we postulate that the normal 
abundance of melanocytes, including amelanotic 
m elanocytes of true albinos, provides a sufficient 
reservoir for trace minerals, manganese, zinc, and 
perhaps also copper, for normal development and 
maintenance of the inner ear. Such a potential 
reservoir can only be offset by severe Mn- and/or 
Zn-deficient diets. By contrast, the pa, muted, and 
mocha mice (and pastel mink) appear to lack this 
reservoir which can be compensated for only by high 
dietary levels of Mn and/or Zn supplementation. We 
suggest that the effects in mocha mice with 
cochlear degeneration and prolonged brainstem 
latencies may also involve a copper-deficient state 
and demyelination. 
Therefore, the pa gene may be thought of as 
acting in a highly restricted manner comparable to 
the white-spotting ( W) and piebald (s) mutations. 
Lyon (1955) observed that W/+;s/s mice exhibited 
varied degrees of choreic behavior and pigmentation 
of the labyrinth. The described data and postulates 
regarding pigmentation of the inner ear and trace 
minerals may be useful also in understanding and 
investigating the commonly observed association 
between pigment genes and deafness. 
D.A. Cotanche: Why do you think that dichloro-
phenamide did not affect otoconial development in 
progeny of the Swiss/Cox (S/C) inter se matings 
whereas it did affect the Fl progeny from S/C 
females and C57BL/6J males? 
Authors: In two words, genetic differences. As 
described in the review, we started in 1968 to use 
the S/C random-bred mice which then exhibited a 
10 % incidence of spontaneous otoconial defects at 
birth. At that time the Fl progeny exhibited a 17% 
incidence of spontaneous otoconial defects with a 
S/C dam but only 8% with the C57BL/6J dam. This 
effect of reciprocal matings was ameliorated by Mn 
and/or Zn supplementation, indicating that the S/C 
strain contained a gene(s) which affected either the 
S/ C or F 1 progeny. The F 1 progeny were 
susceptible to otoconial defects at birth, and dams 
of the S/C genotypes (plural because the stock was 
not highly inbred) enhanced the defect. 
Given the low incidence of otoconial defects at 
birth in the S/C mice, we once examined more than 
a hundred older S/C mice and never observed any 
otoconial defects. Supposedly the spontaneous 
defects of the S/C mice were normally reformed 
after birth, as we have shown for the diC P-treated 
Fl progeny. Risma (1974) reexamined these effects 
in the S/C mice and found no spontaneous otoconial 
defects, nor were the progeny of inter se ma tings of 
the S/C dams then susceptible to diC P. (it is 
possible that the otoconia were affected but 
recovered before birth in these mice.) By contrast, 
the Fl progeny of diCP-treated S/C dams 
exhibited otoconial defects as demonstrated herein. 
As noted in the review, the random-bred S/C stock 
of mice has apparently undergone further genetic 
change so that the F 1 progeny are no longer 
susceptible to sulfonamide treatment, including the 
use of Diam ox (acetylzolam ide). 
It is unfortunate that we didn't selectively 
breed from this S/C strain in the early 1970s so 
that we could have further investigated its genetic 
basis. But similar genetic changes have often been 
observed over periods of artificial or natural 
selection, or as the result of loss of genes due to 
the inherent inbreeding in closed populations. As 
far at the genes affecting mineral metabolism, 
copper was shown to ameliorate the effects in 
crinkled mice at one time but not so a few 
generations later (see Erway 1984). A plausible 
L.C. Erway et al. 
genetic basis for this difference was presented in 
relation to changes in the breeding stocks. The 
crinkled gene was originally located in one inbred 
strain, but it was outcrossed to another strain and 
followed by successive backcrosses. As a 
consequence, we have offered a plausible and 
testable hypothesis of how crinkled was introduced 
into a strain with a , cadmium-resistant gene; the 
latter may have prevented copper supplementation 
from exerting its earlier ameliorating effects on the 
crinkled phenotype. ( Crinkled does not affect 
otoconia.) 
As for otoconial defects at birth, the S/C 
stock must have had the gene(s) which made its and 
the Fl progeny susceptible to spontaneous and diCP-
induced defects. We and others can only be 
observant for the occurrence of the same or another 
gene with similar effects on otoconia. 
Regardless of all of these genetic consider-
ations, the main point of the data described herein 
is that some otoconial defects which were present 
at birth, may be reformed after the period of 
normal otoconial formation and after birth. The 
otoconia may be decalcified and recalcified during 
critical and sensitive periods, but this may also 
extend into adulthood. Hence, we believe that the 
45Ca method for quantifying Ca turnover is all the 
more important and useful for studying the potential 
effects of other drugs, mineral levels in the diet, or 
other genes affecting otoconia. 
The take-home lesson is that nature (genetics, 
embryonic development, pigmentation, and other 
anatomical features) and nurture (diet, minerals, 
drugs, gravity, and other environmental factors) 
interact intimately, or exhibit developmental 
canalization. The result is what we may consider to 
be one of the oldest, most stable and perfectly 
formed organs of the body, viz. the vestibular 
system and equilibrium. But even the most highly 
canalized developmental systems can be disrupted by 
genetic mutations and by environmental shocks. Such 
disruptions can be used profitably to understand 
some of the normal interactions in development and 
physiology. 
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